Although the fermentation of glucose to ethanol in aerobic cultures of wild type Neurospora crassa has been observed frequently (10, 17, 18, 20, 22) , the kinetics of the process was not clear. Moreover, the existence of a number of extrachromosomal mutants of N. crassa which are partially deficient in terminal respiration and oxidative phosphorylation raises the question of whether the mutants ferment glucose more rapidly than do wild type to compensate for their defect in energy metabolism.
Although the fermentation of glucose to ethanol in aerobic cultures of wild type Neurospora crassa has been observed frequently (10, 17, 18, 20, 22) , the kinetics of the process was not clear. Moreover, the existence of a number of extrachromosomal mutants of N. crassa which are partially deficient in terminal respiration and oxidative phosphorylation raises the question of whether the mutants ferment glucose more rapidly than do wild type to compensate for their defect in energy metabolism.
We describe the kinetics of glucose utilization, ethanol accumulation, and growth of wild type and some extrachromosomal mutants of N. crassa during aerobic culture. The kinetics of change of these parameters are compared with the kinetics of changes in alternate and terminal respiratory activities which were described in the accompanying paper (7) .
MATERIAL AND METHODS Measurement of glucose and ethanol. Cells and culture medium were removed from shake flasks with a 10-ml pipette lacking a constrictive tip. Cells were separated from the culture medium by filtration (6) . Samples of the filtrate were stored at -20 C until they were analyzed for ethanol and glucose concentrations. These analyses were determined by enzymatic methods with reagent kits from Sigma Chemical Co. (Sigma, Tech. Bull. no. 331-UV and no. 510; references 5, 19).
Specific rates of glucose utilization were estimated as follows. Graphs of glucose concentration in the medium (micromoles per milliliter) versus culture age and of mycelial dry weight (milligrams per milliliter) versus culture age were constructed. The change in glucose concentration at hourly intervals (t1-t2), estimated by interpolation, was divided by the interpolated dry weight at time t2-Other methods. The origin of the strains, the culture media and conditions, and the measurements of cellular dry weight and respiration were described elsewhere (B. L. Sauer et al., in press). In each culture, the two forms of respiration, glucose and ethanol concentrations, and dry weight were all measured at the same periodic interval during culture. Comparisons of these five variables versus time of culture were facilitated by a Hewlett-Packard calculator and data plotter.
RESULTS
Growth. The kinetics of growth of wild type and the extrachromosomal mutants were described in the accompanying paper (7) ( Table  1) . The logarithmic growth rates and maximal biomass of the mutants, with an initial concentration of 2% glucose, were less than those of wild type.
Because of the observation that the mutants consume glucose at a specific rate more rapid than that of wild type (see below), the effect of 2 and 10% glucose upon growth was measured ( Table 2 , Fig. 1 and 2 ). Relative to 2% glucose, 10% glucose enhanced the growth rate of both wild type and [mi-i ] to about the same degree, and also increased the maximal biomass of both strains. However, the shape of the growth curves of wild type and mutant differed. The biomass of wild type in stationary phase remained relatively constant, but [mi-i] exhibited a second period of growth after the stationary phase. (Table 3) . To determine whether the previously observed (7) excessive alternate respiratory activities of the mutants are related to the excessive rates of glucose utilization, we compared the rates of glucose utilization of wild type with conidial inoculum from two media which differ primarily in ammonium ion concentration, YECE (Y) which contains a low ammonium ion concentration and Fries medium (F; 7) which contains a high ammonium ion concentration (7) . Preculture on these two media serve to regulate the proportions of alternate and terminal respiratory activities of the conidia and the mycelia during subsequent growth on Fries medium (B. L. Sauer et al., in press). Thus, wild-type F conidia exhibit respiratory properties that resemble mutant Y conidia both initially and after germination and growth in Fries medium (B. L. Sauer et al., in press).
The two types of preculture media influenced the specific glucose utilization rates of wild type upon germination and growth (Fig. 3, Table 3 ). Cultures from F conidia exhibited a specific glucose utilization constant threefold greater than cultures from Y conidia during the first 8 h of culture. This time interval is coincidental with the time interval in which specific alternate respiratory activity of mycelia from F conidia increased to a maximum and then declined (7). These results, therefore, positively correlate excessive alternate respiratory activity with excessive glucose utilization rates.
The nuclear suppressor of [mi-i ]f+, does not suppress either the altered cytochrome spectra (3) or the altered respiratory properties (7) , but does prevent the long lag period before linear growth commences on agar (3). We observe that the suppressor also prevents the excessive glucose utilization (Fig. 3, Table 3 ) and enhances the growth rate and maximal biomass (Table  1) . Thus, the correlation between excess alternate respiration and excess glucose utilization may be blocked genetically.
Ethanol accumulation. The accumulation of ethanol in wild-type cultures with an initial glucose concentration of 2% proceeded for four mass doublings to a maximum of 0.4% (Fig. 4) . Thereafter, in stationary phase the ethanol concentration declined to zero. On 10% glucose, however, growth was prolonged, and significant ethanol accumulation did not occur until the last mass doubling before stationary phase (Fig.  5) . In stationary phase, the ethanol concentration then increased threefold to a maximum of 1.7% and subsequently declined. Thus, a fivefold increase in initial glucose concentration led to a fourfold increase in maximal ethanol concentration, a threefold increase in maximal biomass, and a 1.5-fold increase in logarithmic growth rate.
Ethanol accumulation by [mi-i ] on either 2 or 10% glucose was delayed until the last mass doubling before stationary phase (Fig. 4, 5) . The maximal ethanol concentrations on 2 and 10% glucose were 0.4 and 2.4%, respectively. Thus, a fivefold increase in glucose concentration led to a five-to sixfold increase in maximal ethanol concentration, a fivefold increase in maximal biomass (at 140 h), and a 1.7-fold increase in logarithmic growth rate.
In cultures of all strains, when the ethanol concentration approached a maximum, the glucose concentration in the medium simultane- Figure 6 illustrates that the ethanol concentration was, therefore, inversely correlated with terminal respiratory activity. Replacement of ammonium ion by nitrate apparently suppressed fermentation and enhanced the maintenance of high terminal respiratory activity.
Stoichiometry of glucose utilization and ethanol production. Comparison of the specific rates of glucose utilization and ethanol accumulation during the latter phase of fermentation by wild type and [mi-i] with 2% initial glucose reveals a stoichiometric relationship on the basis of the Embden-Meyerhof glycolytic pathway, with 2 mol of ethanol being produced per mol of glucose utilized. The overall efficiency of conversion of glucose to ethanol during the entire culture of the wild type and mutant was about 50%, and during the latter stages of fermentation approached 100%. Thus, it is unlikely that any other major fermentation product is being produced during the time when ethanol is being produced.
In some types of fermentation, either glycerol or ethanol and glycerol in stoichiometric amounts are produced (16 
DISCUSSION
The failure of mitochondrial mutants to achieve a biomass and growth rate equivalent to wild type may be attributed to several metabolic differences. The mutants are probably deficient in adenosine 5'-triphosphate (ATP) production by oxidative phosphorylation. Terminal respiration of mitochondria of [mi-i] is relatively uncoupled to oxidative phosphorylation (14) . Moreover, the mutants fail to achieve a maximal specific terminal respiratory activity as great as that of wild type during logarithmic growth (7), and premature and rapid catabolism or inactivation of this activity occurs after only one or two mass doublings (7) .
The excessive alternate respiratory activities (7) and excessive glucose utilization rates of the mutants could also contribute to energy deficiency and slow growth. A plausible hypothesis which relates these phenomena is as follows. In early stages of growth, the pentose phosphate pathway of glucose metabolism may be relatively more active in the mutants, as indicated by the excesses of nicotinamide adenine dinucleotide phosphate (NADP; 22) and reduced NADP (NADPH) dehydrogenase in [mi-i ] (23). Exogenous NADPH is oxidized by the alternate electron transfer system in mitochondria, but oxidative phosphorylation at sites II and III either does not occur or is relatively inefficient (23) . This metabolic sequence may be sufficient to account for the utilization of glucose; glucose may be simply converted to CO2 and water in an energetically nonproductive way. Tissieres et al. (22) , who first noted the excessive rate of sucrose utilization by [mi-i] , found that the glucose concentration in mycelia of [mi-i ] and wild type was the same. We have observed that the excessive glucose utilization in young cultures of the extrachromosomal mutants is not reflected in ethanolic fermentation.
If the mutants do not obtain additional ATP by excess fermentation and they are deficient in oxidative phosphorylation at sites II and III, what is their source of ATP for growth? The major source of ATP may be oxidative phosphorylation at site I in the electron transfer chain (23) . Endogenous (but not exogenous) reduced nicotinamide adenine dinucleotide (NADH) in mitochondria may be oxidized by endogenous NADH dehydrogenase on the inner membrane with coupling at site I (23) . Electrons are transferred to coenzyme Q and, if the cytochrome chain is blocked, are transferred to oxygen by way of the cyanide-insensitive oxidase (23) . These observations suggest that, all other factors being equal, with a complete block in the cytochrome chain and no excessive fermentation, endogenous mitochondrial respiration with substrates from the tricarboxylic acid cycle may be only one-third as efficient as in wild type.
Regulation of respiration and fermentation. In the approach to stationary phase, vigorous ethanolic fermentation begins in both wild type and mutants. The ethanol concentration in the culture media reaches a maximum at the time the glucose concentration declines to zero. Upon exhaustion of glucose from the media, the repression of the assimilatory isozyme of alcohol dehydrogenase (25) and the synthesis of glyoxylate cycle enzymes (8) are initiated. Thus, the stage may be set for the utilization of ethanol (via acetate) as a carbon source in gluconeogenesis. The synthesis of glucose and acetylglucosamine may also be required for the synthesis of chitin in cell walls of old hyphae and conidia.
Weiss and Turian (24) observed that, in standing (anoxic) cultures of N. crassa, ethanol production was greater on media containing ammonia than on media containing nitrate as the nitrogen source. We have also observed this relationship in shake cultures. Howell et al. (9) observed that, in anaerobic cultures of a facultative anaerobic mutant of N. crassa in media containing ammonia as nitrogen source, ethanol production was proportional to the initial glucose concentration. In 21-day-old cultures, the yield of ethanol was nearly 100% of that calculated from glucose fermentation by the Embden-Meyerhof pathway. The terminal respiratory capacity of anaerobic cultures, as judged from the specific activity of cytochrome oxidase, was very low (9). Here we have demonstrated that aerobic fermentation of glucose by wild-type N. crassa (an obligate aerobe) can also occur, and that the yield of ethanol is proportional to the initial glucose concentration, and at maximum, is equivalent to about 50% of the glucose added. Unlike in anaerobic culture, however, the ethanol subsequently disappears from the media, and in the case of the mutant [mi-i] apparently is utilized as carbon source for additional growth.
Kobr et al. (10) observed that, in shake cultures of N. crassa with either ammonia or nitrate, ethanol production in 3 days was inversely proportional to oxygen tension in the range tested, from 20 to 160 mm of Hg.
All of the foregoing observations indicate that the nitrogen source and oxygen tension are factors which regulate ethanolic fermentation of glucose, as concluded by Kobr et al. (10) . We propose, however, that these factors exert their effect primarily upon the terminal respiratory capacity and that the effect on fermentation is secondary. We have observed the trend that when terminal respiratory capacity was high, fermentation was low, and vice versa. Thus, the Pasteur effect (11) , the suppression of fermentation by respiration, may be operative in N. crassa.
Our present view about the quantitative relationship of respiration and fermentation in N. crassa must be qualified by the possibility that the measurement of ethanol production may lead to an underestimate of the extent of fermentation in aerobic culture. Sussman et al. (21) observed that germinating ascospores of N. tetrasperma accumulated lactate, pyruvate, and acetaldehyde in addition to ethanol. Perlman (15, 18) reported that the accumulation of ethanol in shake cultures of N. crassa was accompanied by the accumulation of acetate and oxalate, and demonstrated the conversion of ethanol to acetate and oxalate in the medium. Finally, we observe that under some conditions accumulated ethanol may be utilized for growth. Thus, the observed net accumulation of ethanol and other fermentation products at any particular time may represent a balance between the rates of production and utilization of these products.
